We present a design methodology for an overlapping hexagonal planar spiral coil (hex-PSC) array, optimized for creation of a homogenous magnetic field for wireless power transmission to randomly moving objects. The modular hex-PSC array has been implemented in the form of three parallel conductive layers, for which an iterative optimization procedure defines the PSC geometries. Since the overlapping hex-PSCs in different layers have different characteristics, the worst case coil-coupling condition should be designed to provide the maximum power transfer efficiency (PTE) in order to minimize the spatial received power fluctuations. In the worst case, the transmitter (Tx) hex-PSC is overlapped by six PSCs and surrounded by six other adjacent PSCs. Using a receiver (Rx) coil, 20 mm in radius, at the coupling distance of 78 mm and maximum lateral misalignment of 49.1 mm ( of the PSC radius) we can receive power at a PTE of 19.6% from the worst case PSC. Furthermore, we have studied the effects of Rx coil tilting and concluded that the PTE degrades significantly when . Solutions are: 1) activating two adjacent overlapping hex-PSCs simultaneously with out-of-phase excitations to create horizontal magnetic flux and 2) inclusion of a small energy storage element in the Rx module to maintain power in the worst case scenarios. In order to verify the proposed design methodology, we have developed the EnerCage system, which aims to power up biological instruments attached to or implanted in freely behaving small animal subjects' bodies in long-term electrophysiology experiments within large experimental arenas.
I. INTRODUCTION

W
IRELESS power transmission using magnetic fields has recently received considerable attention as one of the attractive methods to recharge mobile consumer electronics, such as smartphones and laptops, by simply placing them over flat charging surfaces without power cords [1] . As a result, an industrial consortium has been formed to standardize such devices, and several companies are now offering new products that operate on the basis of inductive power transmission [2] - [6] . To prevent overheating and interference with other nearby devices, in compliance with the Federal Communications Commission (FCC) rules, the power transmission efficiency (PTE) should be maintained at a high level [7] .
The PTE is highly dependent on the coupling coefficient , and quality factors of the transmitter (Tx, charger) and receiver (Rx, mobile device) coils, and , which form a loosely coupled transformer [8] . Designers have used a variety of methods to maintain a reasonable PTE. One is guided positioning of the Rx coil by helping the user to align the Rx and Tx coils via visual feedback or a pair of permanent magnets [9] . Another method is moving the Tx or a so called "resonant repeater" coil near the Rx coil [6] , [10] . Alternatively, an array of overlapping Tx coils is used to allow for free positioning of the mobile device (Rx) on the charging surface [1] , [11] - [14] . Regardless of the alignment method, in all of the above applications, the Rx coil is considered stationary during power transmission.
Inductive powering of high-power implantable medical devices (IMDs) has also been well established over the last decades with considerable progress in recent years [15] - [23] . The majority of this research, however, has been focused on transcutaneous inductive links over an average distance of 1 cm or so. Small variations in this case can be compensated by establishing a closed-loop power control mechanism across the inductive link [24] - [26] . A more recent application for wireless power transmission is shaped by the growing demand for awake, instrumented, but untethered animal subjects, behaving in their close to natural habitat for medical research. Larger animal models, such as dogs, sheep, and nonhuman primates, can carry relatively large payloads without considerable bias in their behavior. Smaller animals, such as rodents, which are far more common in physiology labs due to lower cost, easier husbandry, and ethics of using lower species, are easily affected by tethering. Wireless data transmission from the instruments on the animal body does not seem to solve the problem except for short term acute experiments, because the subject should still carry a bulky energy source, e.g., a rechargeable battery, that is often larger than all the other electronic combination [27] . An alternative solution is to wirelessly transfer sufficient power to a mobile target. This is, however, considerably more challenging than both recharging stationary gadgets and transcutaneous power transmission. A few researchers have adopted electromagnetic waves for power transmission, which were previously considered for military applications and ultra high frequency radio frequency identification (UHF-RFID) [28] - [32] . The advantage of this method is that the received power decays with the distance , from the source at a rate of , as opposed to the near field which decays at a rate of [31] . The problem, however, is the low gain of small UHF antennas, particularly on the Rx side, which reduce the overall PTE down to something in the order of 0.1% [33] . Other problems are unsafe exposure levels for the research personnel and considerable interference with the surrounding lab equipment due to the radiative nature of this power transmission mechanism. As a result, such methods are only suitable for ultra low power applications [34] - [36] .
0018-9464/$31.00 © 2012 IEEE Using individual Tx coils encompassing the entire cage has been successful in experiments that can be conducted in a very small space on individual animal subjects no larger than a mouse [37] - [40] . There are also companies, such as Mini Mitter (Bend, OR), which manufacture low power and narrowband telemetric devices for continuously reading body temperature or heart rate that are wirelessly powered in a cm space [40] . The powering area of a single coil is often limited by nonhomogeneity of the magnetic field in proximity of the coil, which can result in drastic changes in the PTE.
For behavioral experiments on mice, rats, or a group of small social animals, such as prairie voles, using an array of overlapping planar spiral coils (PSC), similar to the designs adopted for inductive chargers, seem to be advantageous [11] , [41] . These 2-D coils can be lithographically defined on multilayer printed circuit boards (PCBs) and geometrically arranged such that the peaks of the magnetic field generated by one coil overlap the troughs of the surrounding coils. This method can lead to a more uniform magnetic field distribution over a large experimental area. In such arrangements, instead of activating all the Tx coils at once, which results in a high power dissipation and elevated cage temperature, the position of the animal subject should be detected in real time to activate the coil(s) that are in the best position to couple onto the Rx coil and power up the attached instruments [42] , [43] .
A group of researchers from New Zealand [44] proposed a 3 3 nonoverlapping coil array for this application with each coil tuned at a different frequency. While this design provided good coverage in the center of the coils, the power delivered to the Rx coil on the corners of each coil was 20 times less than the center. In a four-layer array of rectangular overlapping coils, presented by the same group [45] , the effects of mutual coupling or parasitic capacitance between the overlapping Tx coils were not considered. Moreover, there is a need to establish methods for optimizing the coil geometries for such biomedical and industrial applications while considering the constraints in PSC fabrication process on multilayer PCB to achieve realistic, functional, and cost effective solutions.
In this paper, we present a geometrical design procedure and a modular architecture for a PSC array that can create a homogenous magnetic field across any large planar surface with an arbitrary size for efficient wireless power transmission to either stationary or mobile targets. In our design example, shown in Fig. 1 , a three-layer modular array of hexagonal overlapping PSCs tiles an arbitrary-sized wireless powering arena to couple onto a circular wire-wound Rx coil that is embedded in the headstage of an awake freely behaving rat to indefinitely power a wireless neural recording system that was described in [46] . Parasitic effects of the overlapping PSCs and their impedance matching to the driving power amplifier are key aspects of a design that can maximize the power delivered to the Rx coil in the worst case conditions.
In addition to the overlapping PSC, the system is equipped with an array of three-axial magnetic sensor modules (yellow dots at the center of each PSC in Fig. 1 ), which can track in real time the 3-D position and orientation of a small magnetic tracer embedded in the headstage [47] . The power carrier is fixed at 13.56 MHz in compliance with the industrial-scientific-medical (ISM) band [7] . In the next section, we have reviewed the theo- retical PSC equations and design procedure. Section III presents the measurement and analysis of the results, followed by the concluding remarks.
II. COIL DESIGN AND OPTIMIZATION
A key aspect of the optimization procedure is that instead of maximizing the PTE when the Tx and Rx coils are perfectly aligned, i.e., in the best case scenario, we try to maximize the PTE in the worst case conditions when the Tx PSC has the lowest quality factor , and the Rx coil is at maximum lateral misalignment. This will minimize the coupling variations and create a space with smooth coupling and homogeneous PTE distribution.
A. Unit Tile Module for Array of Overlapping PSCs
A number of factors should be considered in the design of the primary PSC array such as min-PTE with respect to the Rx coil misalignments, coil -factors, power carrier frequency MHz , manufacturability, and cost. We have designed the PSCs to be batch-fabricated in the form of modular units of multilayer PCB that tile the experimental arena, as shown in Fig. 1 . Size limitations in the commercially available PCB fabrication processes define the maximum size of the unit tiles (modules), which should be repeated to cover a designated area at the bottom of a charging mat, an animal cage, or a maze. We have adopted a densely packed hexagonal PSC (hex-PSC) design because of its superior area coverage over its square-shaped counterpart [11] , [45] . Moreover, the hex-PSC, shown in Fig. 2 , needs only three conductive layers as opposed to four layers needed in the square-shaped PSCs for the same level of coverage. The fourth layer can then be used for interconnects between the hex-PSCs and their driving circuits. When the Rx coil is laterally misaligned beyond a maximum level, , the active PSC turns off, and one of the overlapping PSCs that has a better coupling with the Rx coil will be activated. The EnerCage unit tile has been designed for PCB manufacturing, which is often rectangular shaped. Fig. 2 (a) (layer-1), 2(b) (layer-2), and 2(c) (layer-3) show how three hex-PSC layers are overlapped and carefully aligned to create a repeatable pattern for a rectangular module, shown in Fig. 2(d) , which can cover any arbitrary arena. In our proof-of-concept module, shown in Fig. 2 (e) and (f), the hex-PSC patterns were fabricated on two 2-layer PCBs made of FR4 substrate with 1-oz copper (FR4 dielectric thickness: mm, copper thickness: m). The 2-layer PCBs were stacked with 1.7 mm spacing, , (close to the thickness of each PCB substrate) to construct the unit tile. Therefore, as shown in Fig. 2(f) , the dielectric material under layers 1 and 3 was FR4, while the one under layer-2 was air. 
B. Modeling of Primary PSC Array
Modeling of an individual PSC in terms of self-inductance, parasitic capacitance, and parasitic resistance has been covered in [8] , [21] , and [23] . In order to approximate the mutual inductance between a pair of PSCs, they can be considered a set of concentric single-turn conductive loops with decreasing diameters, connected in series. Using Maxwell equations, between a pair of parallel conducting loops with radii and can be found from [18] ( 1) where is the permeability, is the coupling distance between the two loops, and is the lateral misalignment. and are the Bessel functions of the zeroth and first order, respectively. Thus, the overall can be found by summing the partial mutual inductance values between every turn on one PSC and all the turns on the other PSC (2) where is a correcting factor dependent on the actual shape of the PSCs. For the hexagonal PSCs in Fig. 2 , we have empirically found [8] . The model for the primary PSC array is different from the individual PSC, because each primary PSC is surrounded and overlapped by other PSCs. The driver circuitry should be designed such that when it activates the PSC closest to the Rx coil, all other PSCs are open circuit. Although the opened hexPSCs do not load the resonance circuit the way a coupled closed conductive loop does, the parasitic mutual inductance, capacitance, and resistance between the metal paths of the neighboring hex-PSCs affect the of the activated hex-PSC. Furthermore, different overlapping hex-PSC layers experience different parasitic effects because of their particular 3-D arrangement, shown in Fig. 2(f) . The optimal design of the PSC array should maximize the PTE in the worst case conditions. Fig. 2(g) shows the worst case condition for an active hex-PSC, which is on layer-2, sandwiched between six PSCs in layer-1 ( to ) and layer-3 ( to ), and surrounded by six adjacent PSCs in layer-2 ( to ). The equivalent circuit model for this PSC, including key parasitic effects, is shown in Fig. 3 . and are the inductance and series parasitic resistance of each hex-PSC, respectively, and and are the parallel parasitic capacitance and resistance (due to dielectric material leakage) between metal traces within each PSC, respectively. is used for the resonant carrier frequency. Even though every two hex-PSCs on the array have some mutual coupling, for the sake of simplicity, we have only considered mutual couplings in two conditions: 1) overlapping hex-PSC pairs and 2) adjacent hex-PSC pairs, shown in Fig. 4(a) and (b), respectively. In the Fig. 3 equivalent circuit, the interactions between every hex-PSC pair that fit in one of these conditions with the central hex-PSC in Fig. 2(g ) has been expressed in terms of mutual inductance , mutual capacitance , and mutual resistance, . The mutual effects of the nonadjacent or overlapping PSCs such as and in Fig. 2 (g) can be neglected because both direct and indirect couplings for these PSCs are very small compared to the others [11] .
All hex-PSC mutual inductances were calculated from (1) and (2) by considering the PSC pairs' lateral misalignments , in each of the two conditions in Fig. 4 , and the vertical separation between every two layers in Fig. 2(f) . Using the spacing between every two adjacent metal traces , and the hex-PSC radius , the mutual inductance of the overlapping PSC pairs in Fig. 4(a) and adjacent PSC pairs in Fig. 4 (b) can be found by substituting and in (2), respectively. The mutual capacitance between overlapping PSC pairs can be found from parallel plate capacitance model (3) where is the vacuum permittivity, is the separation between two layers, is the PSC overlapping area, and is the effective dielectric constant between the two conductive plates [48] . The mutual resistance between overlapping PSC pairs, , originates from the dielectric loss, which in turn relates to and the loss tangent , of the conducting and insulating materials [21] . and , the mutual capacitance and resistance between adjacent hex-PSC pairs, are calculated using models proposed in [21] and [49] , with the hex-PSC side length of and spacing of . The complete hex-PSC model in Fig. 3 , including parasitic effects, leads to three 13 13 matrixes for ,
, and , the details of which have been presented in the Appendix.
It should be noted that the eddy current induced within overlapping hex-PSCs, adjacent hex-PSCs, and the overlapping circuitry on layer-4 is not been considered in this model. For the overlapping PSC array, the arrangement of the direct and indirect coupling metal traces from the same layer (layer-2) and different layers (layer-1 and -3) is very complicated, so eddy current effects were omitted for the sake of simplicity. Furthermore, the circuitry pattern of layer-4, which includes sensor circuits, power amplifiers, control circuits, power lines and the connectors, is difficult to be standardized in the calculation model. In order to have an accurate optimal geometry, a commercial electromagnetic field solver, which includes the eddy current effect, will be involved in the design procedure.
C. Design Considerations for Rx Coil
In our wireless powering design example, we have considered the Rx coil to be a wire-wound circular (WWC) type, mounted on the animal headstage [46] , [50] . Both diameter and weight of the Rx coil are limited in this application and should also be considered in the design. These two parameters are related as follows: (4) where is the density of the conducting material ( for copper), is the wire radius, is the number of turns, and is the Rx coil outer diameter. We have ignored the weight of the insulating material around the wire strand. We considered mm from [41] and limited to 0.7 g. Moreover, the Rx coil was embedded in a plastic molding material, Smooth-Cast 300 (Smooth-On, Easton, PA), as part of the headstage for mechanical stability, but this material lowered the of the Rx coil by 15% compared to air. 
D. Design Considerations for EnerCage System
The coupling distance between the overlapping hex-PSC array, which constitute the primary coil, and the secondary Rx coil was considered to be mm on average, based on the nominal height of mature Long-Evans rats [41] , [51] . This distance should be changed if the cage is to be used for species with significantly different sizes, such as mice, or for other applications. The carrier frequency was chosen as MHz in the ISM-band to comply with the HF-RFID standard and achieve high from the coils, leading to higher PTE [8] . Moreover, higher results in lower number of turns in the hex-PSCs, which in turn simplifies the geometrical design and modular assembly of the hex-PSC array [see Fig. 2(e) ] [1] . Table I summarizes the design constraints due to application and fabrication processes that were considered in our example. The optimization procedure should consider not only the worst case in regards to the hex-PSC model (see Section II-B) but also the worst case Tx-Rx coupling due to the lateral misalignment, which is according to the overlapping hex-PSC pattern in Fig. 2(g) . When
, the EnerCage control system switches the active PSC to one of the overlapping PSCs ( to ) that is in the best position to resume powering the Rx coil (i.e., or in this case). The goal is to minimize the coupling variations as the animal subject, with the Rx coil on its head or in its body, moves across the hex-PSC array. It should be noted that to avoid further complexity, angular misalignments were not considered in this optimization, but simulated, measured, and remedied in Sections III-D and E.
The model for the overlapping active PSCs with parasitic effects, which was described in Section II-B, was used for the primary coil, and the mutual coupling was simplified to only two coils, i.e., between the active PSC and the Rx coil. In other words, the mutual coupling between the open-circuit PSCs and the Rx coil were ignored. The iterative design procedure in [8] was adopted to maximize the worst case PTE, starting from the design constraints in Table I as the initial conditions, and ending with the optimal coil geometries. Although this equivalent circuit model gives the user a quick design guide to save the design schedule, some of the parasitic effects are not included as discussed. Hence, a field solver, HFSS (Ansoft HFSS, Canonsburg, PA), was then used to in the design procedure to verify and fine tune the values suggested by the theoretical models. The simulation model includes the all possible eddy current effects from the overlapping PSCs of layer-1 to -3 and adjacent PSCs of layer-2. However, the real pattern of layer-4 includes driving circuitries, sensor modules, central control units, and the connections [52] , which are not easy to be justified in the model. Hence, layer-4 metal plane was simulated using parallel conductive (copper) strips, 19.2 mm in width and 20.8 mm in spacing, covering 48% of the total tile area. This was the same percent coverage as the layer-4 circuitry in the actual fabricated PCB [52] . Table II summarizes the geometries of the resulting coils with 500 Rx coil loading and mm. With these dimensions, the hex-PSC module, shown in Fig. 2 , was sized cm and implemented on a pair of carefully spaced 2-layer 1.6 mm-thick FR4 PCBs. The Rx coil, optimal wire radius, mm, lead to the choice of the closest standard magnet wire, AWG 22 mm .
III. MEASUREMENT RESULTS
In order to measure the 3-D distribution of the PTE across the hex-PSC array, four hex-PSC modules in Fig. 2 (e) were jointed together (2 2) by soldering the edges of the PSCs with an overlaying layer of copper tape m to cover a cm area, as shown in Fig. 5(a) . Excluding the incomplete hex-PSCs across the edges, this arrangement results in an array with 32 complete overlapping hex-PSCs that can energize a 2003.7 cm experimental arena. Fig. 5(b) shows the block diagram of the measurement setup. A Cartesian robotic system (Velmex, Bloomfield, NY), controlled by a PC, was responsible for moving the Rx module in the 3-D space above the hex-PSC array. The Rx module consisted of an LC-tank, tuned at 13.56 MHz, and connected to a 500 load. A digital oscilloscope (MSO4034B, Tektronix, Beaverton, OR) measured the peak-to-peak voltage across the LC-tank and delivered the results to the PC to calculate the received power. The PSC array was driven by custom-made driver modules that included a microcontroller (MCU), RFID reader, and power amplifiers (PA). The details of the driver modules are out of the scope of this paper and have been described in [52] . In one set of experiments, the Rx-module also included a back telemetry switch that could establish a closed-loop power control mechanism, as in [25] .
A. Hex-PSC and Rx Coil Quality Factors
Fig . 6 compares the calculation, simulation (with and without layer-4), and measurement results for worst case of the overlapping and nonoverlapping (i.e., individual) hex-PSCs on the Tx side. It can be seen that the optimization procedure in Section II has maximized the of the hex-PSC slightly below the power carrier frequency of 13.56 MHz. This is because the PTE depends on , , and , a combination of which needs to be maximized at MHz [8] . The 12 mutual coupling PSCs, shown in Fig. 2(g) , have resulted in 33.7% reduction in from 184 to 122 (in simulation) compared to an individual hex-PSC with the same geometry. Although the simulation model with layer-4 includes the same coverage ratio as Fig. 7 .
of the hex-PSCs in different layers versus the coverage ratio of layer-4.
the fabricated circuit layout, the specific layout patterns include additional undesired parasitic effects, such as the eddy currents that further decrease , which have not been accounted for in the model. Hence, the measured for the overlapping hex-PSCs are lower than both simulation and calculation results.
In order to better understand the effects of layer-4 metal plane, we used several metal strips that were 19.2 mm wide and changed the spacing between them to sweep the coverage ratio from 0% to 100%. Simulation results for of the overlapping hex-PSCs in different layers at 13.56 MHz versus coverage ratios in Fig. 7 show that when the coverage ratio increases, of the hex-PSCs drops because of the increased parasitic capacitance and resistance.
of the hex-PSCs in layer-3, which is the closest to layer-4, drops to zero around 87% coverage, because the self-resonance frequency (SRF) of these PSCs falls even below 13.56 MHz. We also measured of the hex-PSC in a single PCB module without the second PCB. The resulting was close to the of layer-1 PSC with no layer-4 coverage.
There are two issues of the deviation of measurement and simulation of Fig. 6 and Fig. 7 . First, a more realistic pattern of layer-4 would include sensor circuits, power amplifiers, control circuits, power lines, and connectors [52] . According to [54] , the pattern of overlapping metal does affect the Q of the PSCs. Second, several overlapping PSCs for the worst case position in layer-2 are jointed. In other words, they are incomplete PSCs for single tile as shown in Fig. 2(d) . Hence, the solder connections for the incomplete PSCs are not uniform.
On the Rx side, as mentioned earlier, in order to protect the Rx coil against moisture and mechanical damage, it was embedded in plastic molding as part of the headstage [41] . The plastic material, however, adds to the Rx coil's parasitic resistance and capacitance because of the dielectric loss and dielectric constant, respectively. The dielectric loss mainly comes from the insulation material. Therefore, a considerable amount of energy will be dissipated across the parasitic resistance, and the will be decreased. Furthermore, when the dielectric constant of the insulator material increases, parasitic capacitance also increases, and the SRF decreases. The lower SRF induces lower at high frequency. Fig. 8 shows the effects of embedding the Rx coil in the plastic molding on the . 
B. Power Transfer Efficiency
The PTE versus coupling distance from the Rx coil of overlapping hex-PSCs for perfect alignment and the worst lateral misalignment mm are shown in Fig. 9(a) and (b) , respectively. At mm, lateral misalignment results in 10% to 15% drop in the PTE in calculations, simulations, and measurements. Any misalignment larger than will result in the switching of the active hex-PSC to the one that has a lower misalignment. Fig. 10(a) shows two adjacent overlapping PSCs with the gray areas indicating where they are activated if the center of the Rx coil is located within those regions. We will refer to this region as the active area of each hex-PSC. Fig. 10(a) also shows two possible paths that the animal, carrying the Rx coil, might take from one hex-PSC to another. Along path-1, i.e., from point-a to point-b, the left PSC in 1ayer-2, which is centered at the origin, is activated for mm, and then the right PSC in layer-1, which is centered at mm, is activated for mm mm. Fig. 10(b) shows the calculated, simulated, and measured PTE variations along path-1. It should be noted that the PTE of the right PSC overtakes that of the left PSC at mm because according to Fig. 7 , of the hex-PSCs in layer-1 is higher than the hex-PSCs in layer-2. Nonetheless, in the location-based control scheme of the EnerCage system, the switching occurs at mm. Fig. 10(c) shows the PTE variations along path-2 (a to c). In this case, the left PSC is active for mm, and layer-2 PSC is active for mm. These curves clearly show the reason why mm is the worst case lateral misalignment. Considering the hexagonal symmetry in Fig. 2(g) , the black dots in Fig. 10(c) show the worst case PTE variations as the Rx coil, on the animal body, moves from any random hex-PSC to another. Fig. 11(a) shows a color-coded top view of the hex-PSC array, which matches the colors used in Figs. 1 and 2 for different PCB layers. The active area for each hex-PSC has also been identified, which covers one-third of each hex-PSC area. Since the range of robotic arm motion in the XY plane was limited to cm , the Rx coil was swept over each individual hex-PSC after adjusting the Z axis at a designated . These individual measurements were then combined to construct 3-D maps of the PTE over the entire overlapping PSC array, as shown in Fig. 11(b) and (c) for mm and 120 mm, respectively. Because of the specific design of the hex-PSC geometry, described in Section II, the PTE variations at mm were limited to 16.6% to 39.1% around an average PTE of 27.95%. PTE variations at mm were even more homogenous, from 6.5% to 10.9% around an average of 9.02%. This is considerably better than the previous attempts in generating a homogeneous magnetic field in a large experimental arena for similar applications [38] , [39] , [44] , [45] . The hex-PSCs on layer-1 generated the highest peaks because of their shorter coupling distance to the Rx coil and less overlap with the other three layers.
C. Power Transfer Efficiency Variations
D. Angular Coil Misalignments (Tilting Rx Coil)
Considering the awake animal subjects' behavior, the Rx coil is likely to be tilted on top of horizontal displacements. Therefore, it is important to understand the effects of the Rx coil angular misalignments. For a circular Rx coil, angular misalignments can occur along the and axes in a spherical coordinate system, as shown in Fig. 12 . In order to create accurate and consistent angular misalignments along , the Rx coil was connected to an extension of the X-axis stepper motor in the robotic setup, shown in Fig. 5 , as it was held at the nominal height of mm above the hex-PSC array. The stepper motor had 40 steps in a 360 rotation and, therefore, could change in 9 steps. The hex-PSC array itself was placed on a turn table to be manually rotated with similar step size to generate the misalignments. Fig. 12 (a) and (b) shows a good agreement between the simulation and measurement results of the Rx coil rotation when it was perfectly aligned above one of the hex-PSCs mm , respectively. It can be seen that in this configuration, the misalignment does not affect the PTE because both the Tx PSC and Rx coil are almost circular. The PTE, however, is quite sensitive to misalignments due to , and becomes very small when [53] . Fig. 12 (c) and (d) shows similar results when the Rx coil is half way between the centers of two overlapping hex-PSCs mm . In this case, the valley of the PTE occurs much earlier when because of the small effective coupling area between the active hex-PSC and the Rx coil.
The PTE valleys in Fig. 11 create temporary dead-zones across the experimental arena for the headstage electronics, which depend of the Rx-coil orientation. These are difficult to eliminate by modifying the overlapping hex-PSC geometry alone. We have considered two solutions to address this issue in the EnerCage system: 1) activating two adjacent hex-PSCs simultaneously with out-of-phase signals to create a horizontal magnetic field, which is discussed in Section III-E and 2) adding a small auxiliary rechargeable battery or a super-cap to the headstage to work as a buffer and store energy when the coils' coupling is good and temporarily supply the electronics when the Rx coil is in a PTE valley, or when the animal stands on its hind limbs, elevating the Rx coil above mm.
E. Horizontal Magnetic Field With Out-of-Phase PSCs
To address the problem of small PTE for a combination of severe angular and lateral misalignments, shown in Fig. 11 , we activated a pair of overlapping hex-PSCs simultaneously with out-of-phase drive signals to create a horizontal flux between the two PSCs in a way that more flux is bent towards the Rx coil and passes through it. Fig. 13 demonstrates a worst case scenario, in which the Rx coil is held vertically in between the two PSCs at mm and mm. The graphs compare the received power when the Rx coil is swept along path-1 in Fig. 10(a) from the center of one hex-PSC (a) to the other (b) when they are either activated individually or simultaneously with 180 phase difference. The Tx power delivered to each hex-PSC in this experiment was set to 0.5 W [43] . It can be seen that by using the simultaneous activation method, the received power around mm has been almost tripled. In fact, with proper driver circuitry and choice of hex-PSCs it is possible to steer the magnetic flux in different orientations by con- trolling the phase difference and amplitude between power carrier signals applied to the hex-PSCs. Nonetheless, the received power above the center of the a PSC ( mm or 85 mm) is still smaller than the desired 20 mW level, and therefore, the use of auxiliary means for energy storage in the headstage might be necessary for uninterrupted operation of the electronics attached to or implanted in the freely behaving animal body.
IV. CONCLUSION
We have proposed an optimal design methodology for a scalable array of overlapping hex-PSCs with a modular architecture, arranged in a way that it can cover any wireless powering area by creating a homogenous magnetic field. Our exemplar application for such a coil arrangement is continuous powering of the randomly moving electronics that are attached to or implanted in the freely behaving small animal subjects' body for long term behavioral electrophysiology experiments. We have provided the specific design of the hex-PSC module and implemented it on a pair of double-sided PCBs. The PTE variations have been minimized by optimizing the hex-PSC geometries on the Tx side along with the Rx coil, while considering key parasitic components and practical constrains imposed by the application or fabrication process, to maximize the PTE in the worst case scenarios, which are critical in maintaining operation over the entire experimental arena. The idea is that in better conditions, when there is excess power available on the Rx side, a closed-loop power control mechanism can reduce the Tx power, as demonstrated in [25] .
The worst case in terms of parasitics that reduce the Q-factor was related to the hex-PSCs in the 2nd layer, each of which was surrounded by 12 other hex-PSCs. The worst lateral misalignment of the Rx coil was , and the worst angular misalignments were . Such angular misalignments, however, can be addressed to a large extent by the flux steering technique, which involves adjusting the amplitude and phase difference between two simultaneously activated PSCs. Nonetheless, embedding a small energy storage component in the Rx module seems to be inevitable for uninterrupted operation.
All theoretical models were verified by finite element analysis models that were constructed in a commercial field solver (HFSS), and further validated using a high precision robotic measurement setup. However, the complexity of the metal pattern of layer-4 degrades the optimization result. In the next revision, the layer-4 design will be improved by removing the some circuitries to the driver PCBs [52] to reduce the overlapping area. Further, the connection mechanism between the unit tiles will be improved by standard headers that the users can assemble any experimental area easily, and the performance of the jointed PSCs will be uniform.
We are currently developing the necessary electronics, control algorithms, and graphical user interface software to drive the hex-PSC array in the form of a network under the control of a central PC base station. By significantly improving the quality and quantity of medical interventions and monitoring of small freely behaving animal subjects while reducing alterations to their natural habitat, the EnerCage system is expected to enable new electrophysiology experiments that are not possible with today's technology.
APPENDIX
The circuit model for the hex-PSCs should include the key parasitic effects of mutual inductance , mutual capacitance ( , which includes both and ), and mutual resistance ( , which includes both and ) among overlapping coils. Fig. 2(g) shows the worst case condition in terms of parasitic effects: the black central PSC in layer-2 is overlapped by six PSCs in layers 1 and 3 and surrounded by six other adjacent PSCs in layer-2. Since considering the parasitic effects among all 13 PSCs renders the model too complicated, we only consider the mutual parasitic effects between every two PSCs. In this simplified model, every two PSCs are either overlapping or adjacent, as shown in Fig. 4(a) and (b) , respectively.
Considering that the hex-PSCs are implemented in three different layers, shown in Fig. 2(f) , their mutual parasitics can be divided into four categories that are summarized in Table III.  ,  , and  represent parasitics between PSCs in TABLE IV  MUTUAL COUPLING INDUCTANCE   TABLE V  MUTUAL COUPLING CAPACITANCE   layers 1 and 2;  ,  , and  represent parasitics  between layers 2 and 3; , , and represent parasitics between layers 1 and 3; and finally , , and represent parasitics between adjacent PSCs in each layer.
Parasitic mutual capacitances can be calculated from
where is the effective dielectric constant for FR4, including the fringing effects [48] . The overlapping area can be found from (8) where is the width of the hex-PSC metal trace and is the number of turns.
Regarding , we can consider the two adjacent hex-PSC traces as a coplanar stripline between FR4 and air. Then the unit length parasitic capacitance can be expressed as [48] (9) where is the complete elliptic integral of the first kind, is the relative dielectric constant of the substrate (FR4), and (10) (11) (12) Therefore, . The mutual resistance, , which includes and , results from the material loss, which is related to the capacitance and the material dielectric loss [21] . Hence, and can be found from (13) Note that is set to 1 (effectively infinite) since one of the dielectric materials between layers 1 and 3 is air, which has an extremely low dielectric loss.
From these equations, three 13 13 matrixes for , , and, can be derived. Tables IV and V show the matrixes for  and , respectively. The matrix for can be derived from the matrix using (13) . These matrixes were then entered in Simulink (Mathwork, Natick, MA) to construct an equivalent circuit model with lumped parasitic components, shown in Fig. 3 , for the layer-2 hex-PSC in Fig. 2(g ) that shows the worst case parasitic effects.
